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ABSTRACT
The chemistry of copper extraction from ammoniacal solutions by hydroxyoxime extractants was studied. Equil­
ibrium measurements were made by shakeout experiments with subsequent analyasis of the aqueous and/or organic 
u k a s e s .  The kinetic experiments were carried out in a single drop reaction cell in order to establish the details 
E^the intrinsic reaction kinetics for this system.
Equilibrium measurements indicated that the extraction involves complete displacement of ammonia ligands from 
the coordination sphere of the cupric ion by the extractant molecules. The extraction reaction has the following 
stoichiometry: .
Cu(NH,)2! . + 2HR, , t CuR,, , + iNH,, > + 2H+ , .
' 3'i(aq) (o) 2(o) 3(aq) (aq)
and as might be expected the extraction coefficient was found to be sensitive to the ammonia concentration and the 
pH of the system. These results were interpreted in terms of the mass action expression and explained by taking 
into consideration the stability of the various cupric amnonia complexes,
6 .
log E = log K - log (1 + £  B -[NH_J1) + 2 log [HR]< > + 2pH
i=l 1 J v0/
From single drop experiments, it appears that the kinetics of extraction are controlled by reactant transfer in 
the dispersed phase, a conclusion which is supported by a low apparent activation energy of 5.3 kcal/mole. based 
on first principles, the reaction rate was explained to be due to molecular diffusion for small drop sizes wnicn 
behaved as stagnant spheres, while convective transport contributed significantly to the reaction rate for larger 
drop sizes and other circumstances which result in internal circulation. Rate control by reactant transport in 
dispered phase is valid under normal conditions regardless of which phase is the dispersed phase. It was predic­
ted and demonstrated that only when the ratio of the reactant concentration in the continuous phase to the reac­
tant concentration in the dispersed phase is less than approximately 0.05 will resistance due to reactant trans­
port in the continuous phase become significant. The rate of copper extraction from amnoniacal solutions is at 
least one order of magnitude faster than the rate of extraction from acidic solutions. This was to be expected in 
as much as extraction from acidic solution has been reported to be controlled by a complex surface reaction having 
an apparent activation energy from 7 to 15 kcal/mole.
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The chemistry of copper extraction from amnoniacal 
solutions by hydroxyoxime extractants was studied. 
Equilibrium measurements were made by shakeout exper­
iments with subsequent analysis of the aqueous and/or 
organic phases. The kinetic experiments were carried 
out in a single drop reaction cell in orer to estab­
lish the details of the intrinsic reaction kinetics 
for this system.
Equilibrium measurements indicated that the ex­
traction involves complete displacement of ammonia 
ligands from the coordination sphere of the cupric 
ion by the extractant molecules. The extraction 






iNH,, , + 2H , . 
3(aq) (aq)
and as might be expected the extraction coefficient 
was found to be sensitive to the ammonia concentra­
tion and the pH of the system. These results were 
interpreted in terms of the mass action expression 
and explained by taking into consideration the sta­
bility of the various cupric ammonia complexes,
log E = log K - log (1 +
i=l
ei[NH3]1)
+ 2 log [HR](q) + 2pH
From single drop experiments, it appears that the 
kinetics of extraction are controlled by reactant 
transfer in the dispersed phase, a conclusion which 
is supported by a low apparent activation energy of 
5.3 kcal/mole. Based on first principles, the re­
action rate was explained to be due to molecular 
diffusion for small drop sizes which behaved as stag­
nant spheres, while convective transport contributed 
significantly to the reaction rate for larger drop 
sizes and other circumstances which result in inter­
nal circulation. Rate control by reactant transport 
in the dispered phase is valid under normal condi­
tions regardless of which phase is the dispersed 
phase. It was predicted and demonstrated that only 
when the ratio of the reactant concentration in the 
continuous phase to the reactant concentration in the 
dispersed phase is less than approximately 0.05 will 
resistance due to reactant transport in the continu­
ous phase become significant. The rate of copper ex­
traction from ammoniacal solutions is at least one 
order of magnitude faster than the rate of extraction 
from acidic solutions. This was to be expected in as 
much as extraction from acidic solution has been re­
ported to be controlled by a complex surface reaction 
having an apparent activation energy from 7 to 15 
kcal/mole.
INTRODUCTION
A significant research effort has been devoted to 
develop anmonia oxidative leaching processes for 
copper sulfide concentrates (1,2,3) and low grade 
native copper ore (4). This has lead to process 
development studies and finally to construction of 
plants to treat copper sulfide concentrates and 
copper scrap (5,6). When compared with conventional 
sulfuric acid leaching processes, the major advantage 
of the ammoniacal system is its ability to reject 
iron and many acid consuming gangue minerals.
An important unit operation in any hydrometallur- 
gical process is the concentration and purification 
of the leach liquor for metal recovery, which fre­
quently is accomplished by solvent extraction. A 
major class of extractants foi; the recovery of copper 
from leach liquors has been hydroxyoximes; chelating 
extractants such as LIX reagents developed by General 
Mills. Currently other companies such as Shell Chem­
ical Ltd. and Acorga Ltd. produce similar extrac­
tants. The most widely used extractant, however, is 
LIX 64N a mixture of hydroxyoximes consisting of two 
components, the aliphatic hydroxyoxime (LIX 63) and 
the aromatic B hydroxyoxime (LIX 65N). The 3 hydrox­
yoxime is capable of existing as either the syn- or 
anti-isomer. Detailed discussion on the chemistry 
and the structure of LIX 64N has been reported in 
other literature (7).
A considerable amount of research has been done on 
the extraction of copper from acidic solutions both 
with regard to equilibrium and kinetic behavior 
(7-10). Very little is known about important factors 
which govern the equilibrium and kinetic behavior of 
copper extraction from ammoniacal solutions. A re­
search program involving equilibrium and kinetic 
measurements of copper extraction from ammoniacal 
solution by LIX reagents has been completed. In the 
equilibrium study, the results have been analyzed 
from solution thermodynamic considerations. In the 
kinetic study, the results have been analyzed in 
terms of heterogeneous reaction kinetics especially 
taking into consideration transport processes in botn 
the dispersed and continuous phases.
Equilibrium in Copper Extraction
The chemistry of copper extraction from acidic J 
solution by hydroxyoxime reagents has been extensive­
ly investigated by several researchers (7,11). 
Spectrophotometric evidence (7) indicates that a 
copper p hydroxyoxime chelation complex is the ex­
tracted product and that the stoichiometry is given 
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EXTRACTED COMPLEX, r | 5 Cu
The extraction coefficient (copper concentration in 
the organic phase divided by copper concentration in 
aqueous phase) can be calculated from the equilibrium 
constant, K:
log E = log K + 2 log [HR]/ > + 2pH
where,
E = extraction coefficient 
= [CuR2](0)/[Cu 2]totai(aq)>
K * equilibrium constant for reaction present­
ed in Equation 1 including activity co­
efficients,
[HR]/\ = concentration of extractant in organic 
phase
In the ammoniacal system this analysis must be 
altered due to the presence of free ammonia. To begin 
with, acid neutralization must be considered,
H(aq) + NH3 free (aq) * <  (aq) (3)
which has a positive effect on the extraction; and 
secondly the stability of the cupric-ammine complexes 
must be considered,
+2
Cu(aq) + iNH3 free (aq) * Cu<NH3>.?(aq) 
which has a negative effect on the extraction.
(4)
Copper extraction from these solutions can be rep­









Thermodynamically, however, the copper extraction re­
action written for acidic solutions, Equation 1, can 
still be applied to the amnonia system, but the
activity of the cupric ion will be much lower than 
the total copper concentration. In ammoniacal sol­
utions, the cupric ion concentration can be calcu­
lated from the stability constants for the formation 
of cupric-ammine complexes according to reactions as 
given in Equation 4,
r,,,*? , - I CU(HH3) 1 ] (a<.) 






[Cu(NHo) - ]/ \ - concentration of the ith
1 a^c” cupric-ammine complex in the 
aqueous solution,
= concentration of simple hy­
drated cupric ion in the 
aqueous solution,
= concentration of free ammonia 
in the aqueous solution
0. = overall stability constant of
the ith cupric-ammine complex
The values of B. for the cupric-ammine complexes are 
listed below(12],
^3^free(aq)
log B1 = 4.15 10.54log = 7 -67 log 63
log B4 = 12.67 log = 12.17 log Bg = 9.67 (7)
If metal hydrolysis can be ignored, then the fraction 
of cupric ion to total cupric concentration in the 
aqueous phase can be expressed as,
rcu
(ag)
total (aq) , W n i H  I1
1 + i * LNH3J free(aq)
(8 )
Consequently, an additional term will contribute to 
the expression for the copper extraction coefficient,
6 i
log E = log K + log (1 + E b ^ N H j ] freg
+ 2 log [HR] + 2pH (9)
From examination of the stability constants for the 
cupric-ammine complexes, it is seen that the tetra- 
ammine cupric ion and the penta-ammine cupric ion have 
the highest B values. This suggests that for normal 
ammoniacal leaching systems, in which the concentra­
tion of free ammonia is about 16 gpl the average num­
ber of ammine ligands coordinated to a cupric ion will 
be between 4 and 5.
Kinetics of Copper Extraction
Several fundamental kinetic studies have been re­
ported on the extraction of copper by LIX reagents in 
acidic systems (10,11,13). These studies have employ­
ed a variety of experimental techniques. The results 
indicate that the copper extraction reaction by LIX
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65N/LIX 63 reagents is heterogeneous and that the 
rate is controlled by a surface chemical reaction at 
the aqueous/organic interface. Results also show 
that the addition of LIX 63 to LIX 65N enhances the 
reaction kinetics without disturbing the final equil­
ibrium, LIX 63 being characterized as a catalyst in 
the system. Flett (11) indicated that the activation 
energy for LIX 65N is about twice as large as'that 
for a mixture of LIX 65N and LIX 63, a result which 
supports this catalytic role played by LIX 63 in 
acidic extraction systems.
The proposed surface reaction mechanisms by sever­
al investigators differ significantly. Results from 
experiments with AKUFVE system by Flett (11) and the 
Lewis cell by Fleming (13) indicate that the rate 
limiting step is the addition of an extractant mole­
cule, the second ligand for the cupric ion, at the 
interface. However, the results from single drop ex­
periments (10) indicate that the rate of extraction 
is independent of hydrogen ion concentration at rela­
tively high pH values (2.21 - 4.98) and the rate con­
trolling step was suggested to be the addition of the 
first extractant molecule.
Hydrodynamics of Liquid Spheres 
Moving Through an Immiscible Liquid Field
Among the three techniques that have been used for 
the study of extraction kinetics; the AKUFVE system, 
the Lewis cell and Single Drop Reaction Cell, the 
single drop technique seems to have two unique 
features; ,a well defined interfacial area and fairly 
well established hydrodynamic behavior for liquid 
spheres.
Liquid spheres differ from solid spheres in that 
the dispersed liquid can be set in motion by the 
viscous drag from the continuous liquid through which 
the drop moves. Additionally, drops can be subjected 
to deformation because of the differences in pressure 
acting on various parts of the surface. As a result 
of these considerations, the terminal velocity of a 
liquid drop may differ significantly from the corres­
ponding velocity for a solid sphere. Figure 1 shows 
the terminal velocity of a liquid drop as a function 
of the drop diameter. Three distinct regions can be 
identified (14-16). For small drops in region A, the 
liquid boundary layer inside the drop remains rigid 
and the liquid drop will be spherical in shape and 
behave like a solid sphere. The terminal velocity 
will generally be that of a solid sphere of equal 
size and density moving in the same continuous phase. 
In region B, the boundary layer inside the drop will 
no longer remain rigid, and the momentum from the 
continuous phase will be transferred to the drop 
which develops internal circulation. Under these 
circumstances the terminal velocity will be greater 
than that of the non-circulating drop, the solid 
sphere. As the drop size is increased, region C, the 
larger drop will travel at about the same speed, 
independent of size. Oscillation of the drop can be 
observed in this region and the internal flow pattern 
is a combination of eddy flow and circulation.
Viscosity, interfacial surface tension and density 
difference will also influence circulation of the 
liquid sphere. For example, fully developed circu­
lation in a drop of specified size can be damped out 
if the viscocity of the dispersed phase is increased 
(17).
* * \
Figure 1. Terminal velocity and internal flow
pattern for a liquid sphere as a function 
of drop diameter.
The surface tension reduces the circulation in 
such a way that the higher surface tension the more 
energy it takes to create the new surface at the 
front of the drop and hence a higher surface tension 
reduces the extent of circulation (18).
Mass Transfer in Single Drop Reaction Cells 
Mass Transfer in the Dispersed Phase
Due to the change in the internal flow pattern of 
the moving drop, mass transfer in the dispersed phase 
must also be evaluated in three different regions; 
the stagnant region, the circulation region and the 
oscillation region.
The mass transfer equation for a stagnant drop can 
be derived from the continuity equation based on 
Fick's 2nd law for which the transport depends only 
on molecular diffusion. The integrated expression 
for mass transfer in the stagnant drop is found to De 
(19),
. , « £  ' e x p  [- D„2„ 2t/,2 ] CO)
o s  u n=l n
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where
D = diffusion coefficient 
a = drop radius 
t = reaction time
C = Initial concentration in dispersed phase 
(uniform distribution of concentration is 
assumed)
Ct= average concentration in dispersed phase at 
time t
Cs= surface concentration at time t
If internal mass transfer is the rate controlling 
step, surface concentration, C , will be equal to the 
equilibrium concentration at tne interface. As will 
be shown from the equilibrium study, for the typical 
experimental conditions that were used in the kinetic 
study ([N^total = PH = 10, Extractant 1 to 10
vol.*) the extent of extraction will be close to 100% 
as long as the copper concentration is greater than
0.05 gpl. This means that in most kinetic experiments 
the surface concentration of reactant would be close 
to zero. However for higher free ammonia concentra­
tions this may not be true and the equilibrium con­
centration at the interface would have to be consid­
ered.
For short reaction times, the integrated rate equa­
tion can be approximately by the following parabolic 
relationship; (19)
Co - AC 1/2
= 3.38 ( %  
o a
and the rate of mass flow can be written as
I -  i „ 3  ^ t  





C - C Dt 1/2
° c -=4.65 r|) (14)
and the rate of mass flow can be derived as,
2 D 1/2
I = - 9.73 CQa (£) (15)
A comparison of Equation 15 with Equation 12 indi­
cates that for short reaction times, the rate of 
transport in a circulating drop is increased by al­
most 40 percent due to the convective contribution 
to the transport process.
Because of the complexity of the internal flow 
pattern of the oscillating drop, there is no satis­
factory model for internal mass transfer derived from 
first principles but some emphirical equations exist 
(24). Drop oscillation occurs when the diameter of 
the drop is greater than 5 mm, a size which gener­
ally is not of interest in solvent extraction sys­
tems. As a result, internal mass transfer for the 
oscillating drop will not be considered.
Mass Transfer in the Continuous Phase
When the reaction rate is controlled by mass 
transfer in the continuous phase, the reactant spe­
cies has to pass through the mass transfer boundary 
layer adjacent to the drop surface. Levich (25) has 
derived a theoretical expression for mass transfer in 
the continuous phase. The rate of mass flow can be 
determined by the following equation,






P j = viscosities of the continuous phase and 
dispersed phase, respectively
= terminal velocity
The mass transfer equation for a circulating drop 
is more complicated in that both molecular diffusion 
and convect ve transport must be considered. Kronig 
and Brink(20) have derived a mass transfer equation 
using streamline functions together with an expression 
for molecular diffusion from one streamline to 
another. The integrated mass transfer equation is, 
(2 1 , 2 2 )
ACc = concentration difference between the 
bulk and the surface concentrations in 
the continuous phase
Other investigators have used dimensional analysis 
to obtain empirical correlations; Skelland and 
Cornish (26) for stagnant drops and Garner and 
Tayeban (27) for circulating and oscillating drops.
Co - Ct





Bn = function of eigenfunction
For short reaction times (t < 25 sec) and consid-
max
er"ing the values for An and Bn(23), the equation can
Relative Significance of Mass Transfer in the Dis­
persed and Continuous Phases
In order to assess the relative significance of 
mass transfer in the dispersed and continuous phases, 
a comparison was made, as shown in Figure 2, where 
the modified rate of mass flow (mass flow rate 
divided by the initial concentration of the reactant 
in the dispersed phase) is plotted as a function of 
the drop travel time. Figure 2 was constructed by 
using the stagnant model for mass transfer in the 
dispersed phase (Equation 12) and the Levich equation 
for mass transfer in the continuous phase (Equation 
16). A family of curves for several initial con­
centration ratios, C /Cj , is shown where C „ is 
c,o d,o c,o
the initial concentration of the continuous phase
reactant and C. is the initial concentration of 
d,o
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Figure 2. Representation of the relative importance of transport processes in the continuous and in the 
dispersed phase for various reactant concentration ratios. Intersection of horizontal dashed 
line with diagonal line indicates the critical time (t ) during which the rate is limited by 
mass transfer in the continuous phase.
Conditions: Dc = 7.5xl0'6 cm2/sec,
= 0.1 cm; = 1 cp, ud = 1.68 cp,
U = 1 0  cm/sec; = 2, vc = 1 (v = stoichiometry coefficients)
dispersed phase reactant. The mathematical analysis 
indicates that the rate is controlled initially by 
mass transfer in the continuous phase and after some 
critical time resistance due to mass transfer in the 
dispersed phase becomes predominant. This critical 
time, tc , depends on the ratio of the reactants' 
initial concentrations. Normally, the time interval 
during which the reaction rate would be limited by 
mass transfer in the continuous phase is too small to 
be significant unless the initial concentration ratio 
Cc Q/Cd Q , is smaller than 0.05. This suggests that
in most solvent extraction systems mass transfer in 
the continuous phase will be faster than mass transfer 
in the dispersed phase so that generally for a fast 
chemical reaction mass transfer in the dispersed phase 
will be rate limiting.
End Effects in Single Drop Reaction Cells
In the single drop experiments mass transfer can 
occur not only during the travel time but also during 
the drop formation and coalescence period. As a 
result, the extent of reaction may be greater than the 
values predicted by a particular model. A much used 
technique to correct for these effects has been to 
plot the overall extent of reaction as a function of
the drop travel time, and then extrapolate to the 
ordinate at zero time to determine the extent of 
reaction contributed by the end effects (23,28-29). 
Atwood (10) also tried to correct for end effects by 
extrapolating the rate curve to the abcissa value for 
no reaction to determine a lag time which represents 
the time that the drop is not traveling but during 
which reaction occurs.
Two different mechanisms for internal mass trans­
fer to a growing drop have been proposed. The sur­
face stretch model (30) assumes that all elements 
at the surface remain and stretch as the drop grows. 
The penetration model (31) assumes that the growth of 
a drop is preceded by the addition of fresh elements 
which penetrate to the surface. Popovich (31) shewed 
that the above models could be reduced to a genera, 
form,




total amount of mass (moles) transferred 
in time t (sec).
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AC =
G =
volume rate of flow into the drop, cc/sec.
difference between bulk concentration and 
surface concentration, moles/cc.
constant, 1.31 for surface stretch model,
1.52 for penetration model.
According to Equation 17, the fraction extracted by 
transport processes in the dispersed phase during drop 
formation for the typical conditions specified in this 
kinetic study will be less than 1% of the total ex­
traction, taking G = 1.31.
Most of the studies on mass transfer during the 
drop coalescence period have been with respect to the 
diffusion from the newly settled drop phase to the 
coalescence interface (23,32). In this kinetic study 
on copper extraction however, the mass transfer from 
the continuous phase to the coalescence interface can 
also play a significant role. For both cases impor­
tant parameters to determine the rate of reaction 
during the drop coalescence will be the coalescence 
interface, diffusion coefficients, frequency of drop 
coalescence and the volume of the drop. Experimental 
results indicate that for a small coalescence area, 
reaction during drop coalescence is negligible.
EXPERIMENTAL
The research effort on copper extraction from 
anmoniacal solution has been divided into two major 
sections. The equilibrium study and the kinetic 
study. The experimental approach was to identify the 
important variables in each section in order to pro­
vide fundamental information for further application.
Chemicals
The primary extractant for this study was LIX 64N 
(Lot no. 3K19304 and GH19245C). In a few experiments 
other extractants, LIX 65N (lot no. 6A19205) and LIX 
54, a g-diketone extractant (33) (Lot no. 7A15808) 
were used. All extractants were provided by General 
Mills and used without further purifications. The 
organic diluent was commercial Escaid 200 which has 
less than 1% aromatic content.
Extraction Equilibrium
The chemistry of copper extraction from ammoniacal 
solution was investigated by using a shake-out test 
procedure with separatory funnels. The organic solu­
tion, LIX 64N in Escaid 200, was shaken in a separatory 
funnel with an aqueous solution containing copper and 
arrmonia from which the extraction was to be made. After 
about 30 minutes of vigorous shaking on the wrist 
shaker the phases were allowed to separate. Each phase 
was analyzed for copper by atomic absorption; for the 
aqueous phase the amount of free ammonia had to be 
neutralized by sulfuric acid, and for the organic phase 
the copper was stripped out with an aqueous sulfuric 
acid solution. The results were used to calculate the 
distribution coefficient and the amount of copper loaded 
in the organic phase.
Extraction Kinetics
The kinetic study was carried out in a single drop 
faction cell. The apparatus consisted of a reaction 
C6H ,  orifice for drop formation, provision for drop 
removal and temperature controller. The schematic 
diagram of the apparatus for a short cell length is 
shown in Figure 3. A similar type of construction was
Figure 3. Schematic diagram of Single Drop Reaction 
Cell.
used for longer cell lengths as well. Depending upon 
the density difference of the dispersed phase and 
continuous phase, the data can be collected either for 
a falling drop or a rising drop. After the dispersed 
phase was selected, the solution was introduced from 
the head tank to the reaction cell by hydrostatic 
pressure for the short cell lengths and by pressure 
from a nitrogen gas cylinder for the long cell 
lengths, For organic dispersed experiments, the or­
ganic drops were formed at the bottom of the cell 
from the syringe needle. After rising through the 
cell, the drop coalesced at the top of the aqueous/ 
organic interface, and discharged through a tube, 
being collected outside the cell. For aqueous dis­
persed experiments, the system was reversed, and the 
aqueous drops were allowed to fall through the cell. 
The size of the drop was varied by using stainless 
steel needles with different size openings which 
ranged from gauge numbers 24 to 33.
By controlling the head pressure, a constant fre­
quency of droplet generation could be obtained which 
was usually on the order of 100 drops per minute.
Under this drop frequency the end effect was found to 
be insignificant. The average drop size was calcu­
lated from the number of drops required to collect a 
specific volume and the contact time during the steady 
state travel was measured by timing the travel of a 
drop from the tip of the needle to the coalescence 
interface. The travel time was varied by changing the 
length of the cell which ranged from 13 to 160 cm for 
the short cell and from 47 to 390 cm for the long cell. 
The amount of copper extracted or amount of LIX reag­
ent consumed for each experiment was determined by 
measuring the copper concentration with an atomic ab­
sorption spectrophotometer (the same method used in 
the equilibrium study).
Experiments were designed so that the kinetics of 
extraction could be investigated for both rising drops 
(organic dispersed) and falling drops (aqueous 
dispersed). The rate data were analyzed in terms of 
the theoretical considerations associated with mass 
transfer phenomena to determine the effect of copper 
concentration in the aqueous solution, LIX 64N concen­
tration in organic phase, drop size and temperature.
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RESULTS AND DISCUSSION 
Extraction Equilibrium
It has been reported that the copper extraction by 
LIX 64N in acidic media involves complete displacement 
of coordinated water molecules of the cupric ion by 
the LIX 64N extractant. In this study an infrared 
spectrophotometric analysis was used to compare the 
copper complex extracted from ammoniacal solution with 
that from the acidic solution. The results indicate 
that the extracted complex is identical for both sys­
tems and suggest that copper extraction from ammonia 
solution also involves complete displacement of coor­
dinated ammine ligands. The absence of a primary 
absorption band near 3300 cm for any ammonia mole­
cules retained by the chelate structure confirms this 
conclusion. In addition, Kjedahl analysis for ammonia 
showed that the organic phase contained a negligible 
amount of ammonia.
From the above findings the chemical reaction can 
be written as,
Cu<NH3>Uaq) + 2HR(o) * Cu R2 ( o )  + 2H+
+ ^ V ta q )  <5>
and the extraction coefficient can be presented as,
6 i
log E = log K - log (1 + £  3j [NH.J ) 
i=l 1 J
+ 2 log [HR]q + 2pH (9)
Effect of Free Ammonia
Figure 4 shows the effect of free ammonia concen­
tration on copper extraction at a constant pH value 
(10.2 to 10.5), maintained by keeping the ratio of 
[NH2 ]free/[NH^+] constant at 2:1. The system had an
excess amount of extractant so that the concentration 
of the extractant can be considered to be constant, 
and the amount of coordinated ammonia can be neg­
lected. As expected from the extraction coefficient 
equation, Equation 9, the results (Figure 4) show that 
the copper extraction decreases as the ammonia con­
centration increases for both LIX 64N and LIX 54. The 
results indicate that the LIX 64N extractant forms a 
more stable copper complex than LIX 54 in ammoniacal 
solution.
According to Equation 8, a plot of log E and log 
[NH^]^ should be indicative of the number of 
coordinated ammonia molecules, Figure 5 is such a 
plot and the average slopes for both extractants is 
seen to be 4.5. This suggests that the cupric ion in 
this ammoniacal solution is coordinated by an average 
of 4 to 5 ammonia molecules which is in good agreement 
with the value that would be predicted from the 
stability constants for copper-ammine complexes.
Effect of pH
The effect of pH on copper extraction was deter­
mined by keeping the total amount of ammonia, [NH^]^ 
plus [NH.+], constant at 0.5 M. In this case, the 
extraction of copper is more complicated due to the 
fact that the pH value has a positive effect on ex­
traction while free ammonia concentration has a nega­
tive effect, shown by Equation 9. As a result Figure 6
Free Ammonia Concentration,[NHj^.g/l
Figure 4. Effect of ammonia concentration on copper 
extraction at constant pH (10.2-10.5).
LIX 64N: 0.004M Copper; 40% LIX 64N in
Escaid 200; A/0 1:1; NH3/NH4+ 2:1
LIX 54: 0.004M Copper; 38% LIX 54 in.
Cyclosol 63, A/0 1:1; NH.,/NH* 2:1 
Free Ammonia, mole/l
Ln (Free Ammonia),mole/l
Figure 5. Slope Analysis plot indicative of the
number of ammonia molecules coordinated by I 
the cupric ion under the conditions 
specified in Figure 4.
6 .
log E = log K + log(l + £f>.[NH,]') + 2pH + 2 1 ogLHRf
i = l 1 J
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pH
Figure 6. Effect of pH on copper extraction at a con­
stant total ammonia concentration of 0.5 M.
shows a parabolic-type of curve for a plot of copper 
extraction as a function of pH. For low pH values, 
copper extraction increases as the pH increases, which 
may be due to the pH effect only, because the concen­
tration of free ammonia is negligibly small at these 
low pH values. However, at high pH values the con­
centration of the ammonia and the number of ammonia 
ligands will be increased significantly. In this 
region the ammonia effect will overcome the pH effect 
and the copper extraction will decline. Predominate 
copper species are indicated in Figure 6 for various 
pH regions. Similar effects have been found in the 
extraction of nickel from ammoniacal solution (34).
Comparison between Acidic and Amnoniacal Systems
According to the equilibrium expression, Equation
9, the thermodynamics for copper extraction seems to 
be more favorable in the ammoniacal system than in the 
acid system. The reason is due to high pH values in 
the amnoniacal solution overwhelming the negative 
effect of the free ammonia if the concentration of 
free anmonia is not extremely high. This analysis is 
supported by the experimental results of the equil­
ibrium extraction isotherms for both acidic and 
amnoniacal systems (shown in Figure 7). It can be 
seen that the isotherm for the ammoniacal system is 
steeper than that for the acid system suggesting that 
the amount of copper loaded into the organic phase 
will be higher for the same concentration of copper 
in the aqueous phase. The pH values listed in Figure
7 were initial values; no attempt was made to buffer 
the pH.
Other information also can be found from the ex­
traction isotherms. First, due to the steeper iso­
therm the number of stages required in the extraction 
from the amnoniacal solution is normally less than 
that required for extraction from acidic solution. (35)
Figure 7. Equilibrium extraction isotherms of copper 
extraction by 10 V/V % LIX 64N from + 
ammoniacal solution (0.5 M NH^, 0.5 M NH^ ,
pH = 9.70) and from acidic solution (pH = 
1.79).
Second, at relative low cupric concentrations in 
ammoniacal solutions, the isotherm has already reached 
maximum loading which indicates that the equilibrium 
concentration of the extractant required is quite 
small. This observation simplifies subsequent analy­
sis of the rate data as explained in the introduction 
during the derivation of transport equations.
Extraction Kinetics
The kinetics were studied in both rising drop and 
falling drop experiments. The results were used to 
analyze the effect of drop size, temperature and 
reagent concentrations both in the dispersed phase 
and in the continuous phase. By considering all these 
effects, the rate controlling step was identified and 
a comparison between experimental results and theoret­
ical predictions was made. Normally, the organic 
phase consisted of the diluent, Escaid 200, which 
contained from 1 to 50 volume^ percent of extractant 
(LIX 64N). The copper concentration in tne aqueous 
phase ranged from 0.5 to 4.3 gpl copper, as cupric 
sulfate, with 1 M total ammonia (0.5 M free ammonia) 
at a pH of 9.75. The drop size varied from 0.84 to
1.52 nrn in radius.
Rising Drop Experiments
In this series of experiments the continuous phase 
was always the ammoniacal solution of copper sulfate, 
and the dispersed phase was the organic solution 
(LIX 64N in Escaid 200). Normally the initial copper 
concentration in the organic was zero. The amount of 
copper extracted into the organic solution is related 
to the change in the LIX concentration by the stoich­
iometry of the reaction,
-A[HR]d j t = 2ALCuR2]d(t (18)
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where
A[HR]d AfCuR^L t = change in concentration of 
’ ’ extractant and copper,
respectively, in dispersed 
organic phase at time, t
All data from rising drop experiments are represented 
in the figures by open symbols.
Significance of end effects and back reaction 
kinetics. End effects in this kinetic study were 
determined by the extrapolation method (23). Under 
normal experimental conditions the end effects were 
found to be insignificant due to the high frequency ^f 
drop formation and small coalescence area of 0.64 cm 
(see Figures 9 and 16). As mentioned previously it is 
expected from theoretical considerations that less 
than 1% of the total extraction occurs during drop 
formation. Also shown in Figure 16, for one special 
set of experiments, is data for which the-coalescence 
interfacial area was increased to 1.54 cm and under 
these circumstances end effects were found to be im­
portant.
The signficance of the back reaction in the range 
of variables evaluated in this study was assessed by 
initially loading the organic phase with copper at the 
10% and 30% level. No decrease in the extraction rate 
could be observed when the results were compared to 
the rate of extraction when the initial copper concen­
tration in the dispersed organic phase was zero. From 
these results the back reaction kinetics were not con­
sidered to contribute significantly to the overall 
reaction rate.
Effect of LIX 64N and copper concentration. Ex­
perimental results for two drop sizes with several 
concentrations of LIX 64N in the dispersed organic 
phase and several concentrations of copper in the 
continuous aqueous phase are presented in Figure 8.
Because the reaction is directly proportional to the 
interfacial area, Figure 8 was plotted in terms of 
extent of copper reacted per unit area versus the 
travel time of the drop. Consideration of the ex­
perimental conditions, where [HR] . 7[Cu] rangesQ )U L j U
from 10 to 0.22, in terms of the analysis presented 
in Figure 2, suggests that rate control by mass 
transfer in the continuous phase should not be impor­
tant under these conditions and that internal mass 
transfer would limit the rate for a fast surface 
reaction. The experimental results shown in Figure 8, 
seem to support this hypothesis in that the rate is 
largely independent of copper concentration in the 
continuous phase, but distinctly dependent on the LIX 
64N concentration in the dispersed phase. In addition 
the rate curves appear to be parabolic in shape which 
would be expected for rate control by mass transfer in 
the dispersed phase (Equationsll and 14).
More experimental data are provided in Figures 9 
and 10 in which the extent of extraction is plotted 
against a parabolic scale corrected for change in 
area as would be suggested by the equation below,
[CuR2]d,t = k '[HR]d>0D1/2(t/a2 )1/2 (19)
where the value of k' depends on whether the drop is 
circulating or stagnant. A linear relationship can be 
found for all concentrations of LIX 64N. Figures 9 
and 10 also indicate, as mentioned earlier, that the 
correction for end effects during drop formation and 
drop coalescence is unnecessary.
The reaction order calculation based on experimen­
tal results indicates that the rate has a first order 
dependence on the extractant concentration and zero 
order dependence on the copper concentration. These 
results suggest that the rate of extraction is limited 
by mass transfer in the dispersed phase.
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Copper extraction into rising drop for various dispersed 
(organic) and continuous (aqueous) phase reactant concentrations
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Figure 9. Parabolic plot of rate data illustrating that the kinetics 
conform to the linear relationship required for rate control 
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Figure 10. Parabolic plot of rate data illustrating that the kinetics • 
conform to the linear relationship required for rate control 
by mass transfer in the dispersed phase. Various copper concentrations.
Effect of temperature. The hypothesis of rate served from the data presented in Figure 11. This
control by mass transfer in the dispersed phase also figure shows that the rate of copper extraction in­
supported by the low temperature coefficient ob- creases as the temperature increases. It also shows
10 2 0  3 01/2 1/2
SQUARE ROOT OF RISING TIME PER RADIUS, r ' 7 a , « e c  /cm
V  5 0 %  L I X 6 4 N  
A  1 0 %  LIX 6 4 N
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Figure 11. Parabolic plot of rate data for extraction into rising drops 
at various temperatures.
that the rate curves for all temperatures are para­
bolic which indicates that the rate controlling step 
does not change in the temperature range of this 
study. For this parabolic plot, the dependent varia­
ble has been normalized with respect to the initial 
concentration of the extractant in the dispersed 
phase. The corresponding Arrhenius calculation re­
veals a low apparent activation energy of 5.0 kcal/ 
mole.
Comparison of theory with experimental results. In 
order to theoretically predict the rate of reactant 
transport in the dispersed phase for both the stagnant 
model and the circulation model, the diffusion coef­
ficient of LIX 64N in Escaid 200 has to be known and, 
in this regard, was estimated by tha method of Wilke 
and Chang (36) to be 4.34 x 10~ cm /sec. In sub­
sequent Figures in this section theoretical predic­
tions are given by solid and dashed lines. A close 
agreement between experimental data and the theoreti­
cal predictions is shown in Figure 12 for several con­
centrations of LIX 64N for both small and large drop 
sizes. The results indicate that the rate follows 
the stagnant model (molecular diffusion, Equation 11) 
for LIX 64N concentrations greater than 5%, and that 
the rate follows the circulation model (convective 
transport plus molecular diffusion, Equation 14) for 
LIX 64N concentrations less than St. This observation 
which indicates a change from the circulation model to 
the stagnant model for an increase in LIX concentra­
tion has not been satisfactorily explained on the 
basis of the change in the physical properties of the 
system.
The effect of the drop size on the kinetics of the 
extraction is shown in Figure 13. For small drops 
(a = 0.108 cm), the experimental data seems to be in
the stagnant region; and for large drops (a = 0.135 
cm) the experimental data seems to be close to the 
circulation region. These results are consistent with 
the expected hydrodynamic behavior of larger drops 
which would have a greater tendency to circulate.
Kinetics of extraction with different LIX reagents. 
The kinetics of copper extraction by LIX 65N from 
acidic solution is slow and consequently LIX 63 is 
added to catalyze the reaction, the mixture of the 
extractants is called LIX 64N and this combination 
enhances the rate significantly (7-10). In the 
ammoniacal system however, the rate appears to be 
limited by the transport of the reactant in the dis­
persed phase and under these circumstances should not 
be expected to be dependent on the composition and the 
chemical properties of the extractant. Such is the 
case for the rate of copper extraction by LIX 64N, LIX 
65N and LIX 54 ( a B-diketone extractant) as shown in 
Figure 14. The results indicate that the rate of 
extraction is limited by mass transfer in the dis­
persed phase for all extractants and the rates are 
insensitive to the chemical nature of the extractant. 
These results provide one more piece of evidence which 
supports rate control by transport in the dispersed 
phase. Note that no catalytic effect from LIX 63 is 
observed in the ammoniacal system and it is clear 
why LIX 65N rather than LIX 64N would be suitable in 
ammoniacal systems such as the Arbiter process.
Change in rate control from mass transfer in the
dispersed phase to mass transfer in the continuous
phase. As mentioned previously, mass transfer in the
dispersed phase is normally slower than mass transfer
in the continuous phase. However, the latter step_
can become rate l i m i t i n g  if the initial c o ncentration
ratio [Cu] „/[HR] . „ is less than 0.05 (see Figure ih 
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Figure 12. Comparison of experimental results with theoretical predictions 
for rate control by mass transfer in the dispersed phase (See 
equations 11 and 14) showing the concentration effect. Various 
copper concentrations.
5% LIX, 1.769 g/ICu
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Figure 13. Comparison of experimental results with theoretical mass 
transfer showing the drop size effect.
Experiments were run to test this hypothesis by sel­
ecting concentration ratios of 0.14 and 0.027. When 
^ 6  concentration ratio was 0.14, the experimental 
^sults, as expected, followed the stagnant model of 
internal mass transfer with results similar to those 
Presented previously. However when the concentration
ratio was lowered to 0.027, the rate data did not fit 
the dispersed phase transport model, but was found to 
fit the Levich model for external mass transfer as 
shown in Figure 15.
Long cell experimental results. In order to con-
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Square Root of Risinq Time per Rodius.t'^a, secl/2/  cm
Figure 14. Parabolic plot of rate data for different chelating extractants. 
Note that the kinetics are essentially independent of the 
extractant and that 'no' catalytic effect from LIX 63 is 
observed.
Figure 15. Demonstration of change in rate control from dispersed phase mass
transfer limiting to continuous phase mass transfer limiting for small 
values of the parameter R defineu as [Cu] ./[HR], . For R < 0.05 
reaction rates snould be limited by reactartl transport in the continuous 
phase. Sec Figure 2.
firm the results obtained with short cells, experi- contact time. Figure 16 shows the results obtained
ments were performed in which the main objective was compared with those results from shorter cell experi
to achieve a greater extent of reaction by longer ments under similar conditions. These results show
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Comparison of experimental results obtained from long and short cells for 
similar experimental conditions. The effect of the aqueous/organic inter­
face area is shown. Note that extrapolation of the curve with larger inter­
facial area to the ordinate at time zero determines the extent of reaction 
which can be attributed to the end effects.
that the rate curves are parabolic, consistent with 
the results of the shorter cell experiment, indicating 
that the rate controlling step does not change even 
for longer contact times. In another set of experi­
ments the coalscence interfacial area was increased 
from 0.64 cm to 1.54 cm and under these circum­
stances a sign ifcant end effect can be detected.
Falling Drop Experiments
In this series of experiments the aqueous phase and 
the organic phase were reversed. The aqueous phase 
became the dispersed drops and the organic solution 
became the continuous phase. Under these circum­
stances, of course, the aqueous drops fell through 
the continuous organic phase. All data from falling 
drop experiments are represented by closed symbols.
Effect of copper and LIX 64N concentration. If the 
reaction were still controlled by mass transfer in the 
dispersed phase as predicted from arguments associated 
“1th the construction of Figure 2, the rate should be 
dependent on the dispersed aqueous phase copper con­
centration and independent of the continuous organic 
Phase LIX 64N concentration. The falling drop re­
sults, shown in Figures 17 and 18 indicate the rate 
increases as the copper concentration increases 
(Figure 17) and that the rate does not change as the 
LIX 64N concentration increases (Figure 18). Again, 
as for the rising drop experiments, the rate_follows 
parabolic kinetics for both the small drop (a = 0.087 
cm) experiments,results of which are shown in Figure
19, and the large drop (a = 0.128 cm) experiments,the 
results of which are shown in Figure 20. Analysis 
of the rate constants shows that the kinetics are 
first order with respect to the copper concentration 
for both drop sizes and suggests that the rate is
still limited by reactant transport in the dispersed 
phase even when the phases are inverted.
Comparison of theory with experimental results.
The mass transfer equations for the stagnant model 
and circulation model can still be applied for the 
falling drop. However, the diffusing species is no 
longer the hydroxyoxime molecule but the copper- 
ammonia complex. The diffusion coefficient for the 
hydrated cupric ion has been reported in the litera­
ture to be 7.5 x 10 cm /sec (37). If the diffusion 
coefficient of copper ammonia complex is assumed to 
be the same as the hydrated cupric ion, the reaction 
rate can be predicted from first principles. Using 
Equations 11 and 14 the comparison of experimental 
data with theoretical predictions can be made and is 
shown in Figures 21 and 22 where close agreement be­
tween theory and experiment is observed. Figure 21 
shows that as the copper concentration decreases the 
drops tend to circulate more. A similar effect was 
seen for rising drops when the hydroxyoxime concen­
tration was reduced. However, for the same experi­
mental conditions, the falling aqueous drops tend to 
circulate more than the rising drops. Compare Figure 
21 with Figure 12. This may be due to a viscosity 
effect, more circulation for lower viscosity drops.
The viscosity of the aqueous drop for these conditions 
is about 1.0 cp while the viscosity of the organic 
drop is about 1.7 cp.
The effect of the drop size on the kinetics of ex­
traction in the falling drop experiments is shown in 
Figure 23. Again the results appear to follow the 
anticipated hydrodynamic behavior in which tne larger 
the drop the greater the circulation.
The combined effect of both concentration and drop
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Figure 21. Comparison of experimental results with theoretical predictions for 
rate control by mass transfer in the dispersed phase for various 
copper concentrations (Equations 11 and 14).
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Figure 22. Comparison of experimental results with theoretical predictions 
for rate control by mass transfer in tne dispersed pnase for 
various drop sizes.
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Figure 23. Combination effect of drop size and concentration on extraction
kinetics compared with theoretical prediction for dispersed phase 
reactant mass transfer control. The kinetics of extraction in 
acidic solution is also shown which illustrate the rate is slower 
and not controlled by mass transfer processes.
size on the kinetics of extraction is shown in Figure
23. As the concentration decreases or drop size in­
creases the amount of circulation increases.
All the experimental results provide strong evi­
dence that extraction of copper by LIX 64N from ammon- 
iacal solution normally will be controlled by trans­
port of the reactant in the dispersed phase. This 
result is quite different from the kinetics of copper 
extraction from acidic solution, a reaction which has 
been shown to be limited by a surface chemical reac­
tion (9,10). The difference in the reaction rate be­
tween extraction from ammoniacal solution and from 
acidic solution for similar experimental conditions is 
also shown in Figure 23 and the rate of copper extrac­
tion from ammoniacal solution is about one order of 
magnitude greater than extraction from acidic solu­
tion. Because the extraction rate in acid systems is 
much slower than the slowest type of mass transport, 
as predicted from the stagnant model, as well as other 
strong evidence, such as reaction orders, etc., it is 
clear that the extraction rate in acid systems is 
limited by a surface chemical reaction. The reason 
for the slow surface chemical reaction in acidic media 
is undoubtedly due to the contribution from the back 
reaction kinetics which is not a factor in aumoniacal 
systems. In addition, the high polarity of coordi­
nated water molecules in the hydration sheath of the 
cupric ion may inhibit the extraction rate, in acid 
systems via a hydrogen bond linkage with the aqueous 
phase. On the other hand, displacement of the much 
less polar, coordinated ammonia molecules may repre­
sent a significantly lower resistance which facili­
tates the rate of reaction to such an extent that the 
rate becomes limited by reactant transport.
SUMMARY AND CONCLUSIONS
The equilibrium state and the kinetics involved in 
copper extraction from ammoniacal solutions by hydrox- 
yoxime extractants have been studied. The equilibrium 
study involved shake-out tests, infrared analysis, as 
well as chemical analysis. The kinetic experiments 
were accomplished in a single drop reaction cell of 
variable length. The experimental results and data 
analysis suggest the following conclusions:
1. Copper extraction from ammoniacal solution by 
hydroxyoxime extractants involves a complete dis­
placement of ammonia ligands from the coordination 
sphere of the cupric ion. The chemical reaction can 
be written as,
Cu(NH3 )!(ac) + 2 HR(o) = Cu R2(o ) + iNH3(aq) + 2 H+(aq)
2. The extraction coefficient is sensitive to the 
ammonia concentration and the pH of the system, which 
various cupric amnine complexes,
6 i
log E = log K - log(l + X] LNH3 ](aq))
+ 2 log [HR](q) + 2pH
3. Theoretical analysis and the experimental re­
sults from single drop experiments indicate that the 
kinetics of extraction appear to be controlled by 
reactant mass transfer in the dispersed phase (irre­
spective of which phase is dispersed), a conclusion 
which is supported by a low apparent activation energy 
of 5.3 kcal/mole.
4. The mass transfer process is explained to be
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due to molecular diffusion for small drop sizes, while 
convective transport contributes to the reaction rate 
for larger drop sizes provided the viscosity of the 
dispersed phase is not too high.
5. As a result, rate of copper extraction from 
ammoniacal solutions is significantly faster than from 
acidic solutions in which the rate is known to be 
controlled by a chemical reaction at the liquid/liquid 
interface. The reason for the low extraction kinet­
ics in the acidic system is the significant contri­
bution of back reaction kinetics to the overall rate 
of reaction which is not significant in ammoniacal 
systems.
REFERENCES
1. M.B. Shirts, P.A. Bloom and W.A. McKinney, "Double 
Roast-Leach Electrowinning Process for Chalcopyrite 
Concentrates," USBMR.I. 7006 (1975).
2. L.W. Beckstead and J.D. Miller, "Ammonia, Oxida­
tion Leaching of Chalcopyrite-Reaction Kinetics," Met. 
Trans. AIME, 8B, 19-29 March (1977).
3. "In Clean-Air Production Aribiter Process is First 
Off the Mark," EM/J, 174, No. 2, 74 (1973).
4. R.D. Groves, T.H. Jeffers and G.M. Potter,
"Leaching Coarse Native Copper Ore with Dilute Ammon­
ium Carbonate Solution," Solution Mining Symposium, 
AIME, 381 (1975).
5. M.C. Kuhn, N. Arbiter and H. Kling, "Anaconda's 
Arbiter Process for Copper," CIM Bulletin, February 
62-69 (1974).
6 . W. Kunda, H. Veltman and D.J.I. Evans, "Production 
of Copper from the Ammine Carbonate System," Copper 
Metallurgy, ed. by P. Ehrlich, AIME Symposium on 
Copper Metallurgy, Denver, Colorado, Feb. 27 (1970).
7. R.L. Atwood and J.D. Miller, "Structure and Com­
position of Commercial Copper Chelate Extractants," 
SME/AIME, Trans., 254, 319 (1973).
8 . J.D. Miller and R.L. Atwood, "Discussion of the 
Kinetics of Copper Solvent Extraction with Hydroxy 
Oximes," J. Inorg. Nucl. Chem., 37, 2539-2542 (1975).
9. D.R. Spink and D.N. Okuhara, "Comparative Equil­
ibrium and Kinetics of KELEX 100/120 and LIX 63/65N/ 
64N Systems for Extraction of Copper," International 
Symposium on Hydrometallurgy, AIME, 497 (1973).
10. R.L. Atwood, D.N. Thatcher and J.D. Miller, 
"Kinetics of Copper Extraction from Nitrate Solutions 
by LIX 64N," TMS/AIME Trans., 6B, 465 (1975).
11. D.S. Flett, D.N. Okuhara and D.R. Prink, "Solvent 
Extraction of Copper by Hydroxy Oximes," J. Inorg.
Nucl. Chem., 35, 2471 (1973).
12. L.G. Sillen and A.E. Martell, Stability Constants 
of Metal-Ion Complexes, Chemical Society, London, 
Special Publication No. 17, 152 (1964).
13. C.A. Fleming, "The Kinetics and Mechanism of 
Solvent Extraction of Copper by LIX 64N and KELEX 100',' 
N.I.M. Report Johannesburg, S. Africa, No. 1793 (1976).
14. S. Hu and R.C. Kinter, "The Fall of Single Liquid
Drops Through Water," AIChE, 1_, No. 1 , 42 (1955).
15. R.C. Kinter, "Drop Phenomena Affecting Liquid 
Extraction," Advances in Chemical Engineering, Drew 
ed., Academic Press, 4, 51 (1963).
16. A.I. Johnson and L. Braida, "The Velocity of Fall 
of Circulating and Oscillating Liquid Drops Through 
Quiescent Liquid Phase," Can. J. Chem. Engr., Dec.,
165 (1957).
17. H. Lamb, Hydrodynamics, Sixth ed., Cambridge 
Univ. Press, 450 (1932).
18. W.N. Bond and D.A. Newton, "Bubbles, Drops and 
Stokes' Law," Phil. Mag. 6, 151, 794 (1927).
19. J. Crank, The Mathematics of Diffusion, Clarendon 
Press, Oxford, 2 ed., 89 (1975).
20. R. Kronig and E.R. Brink, "On the Theory of 
Extraction from Falling Droplet," App. Sci. Res. A2, 
143 (1950).
21. P.W. Berg and J.L. McGrego, Elementary Partial 
Differential Equation, Holden-Day, San Francisco, 
(1969).
22. H. Margenau and G.M. Murphy, The Mathematics of 
Physics and Chemistry, D. Van Nostrand, New York, 2nd 
ed., 253 (1943).
23. A.I. Johnson and A.E. Hamielec, "Mass Transfer 
from Large Inside Drops," AIChE J., £, No. 1, 145, 
(1960).
24. D.M. Rose and R.L. Kintner, "Mass Transfer from 
Large Oscillating Drops", AIChE, J., ]2_, 53u (ly66).
25. V.G. Levich, Physicochemical Hydrodynamics, 
English Translation, Prentice-Hall, 395 (1962).
26. A.H.P. Skelland and A.R.H. Cornish, "Mass Trans­
fer from Spheroids to an Air Stream," AIChE, J., 9,
73 (1963).
27. F.H. Garner and M. Tayeban, "The Importance of 
the Wake in Mass Transfer from both Continuous and 
Dispersed Phase System I., "Anales Real Sco. Espan. 
Espan. Fis. Quim. Sev. B-Quim, 56B, 479 (1960).
28. F.B. West, P.A. Robinson, A.C. Morgenthaler, T.R. 
Beck and D.K. McGregor, "Liquid-Liquid Extraction from 
Single Drops," Ind. Eng. Chem., 43, 243 (1951).
29. W. Light and W.F. Pansing, "Solute Transfer from 
Single Drops in Liquid-Liquid Extraction," Ind. Eng. 
Chem. 45, 1885 (1953).
30. H. Groothius and H. Kramers, "Gas Absorption by 
Single Drops During Formation," Chem. Engr. Sci..
4, 17 (1955).
31. A.T. Popovich, R.E. Jervis and 0. Tross, "Mass 
Transfer During Single Drop Formation," Chem. Engr. 
Sci., 19, 357 (1964).
32. P.M. Heertjes, W.A. Holve and H. Talsma "Mass u 
Transfer between Isobutanol and Water in Spray-Column 
Chem. Eng. Sci., 3^ 122 (1954).
33. Preliminary Report, "LIX 54 - A New Reagent for 
Metal Extractions from Ammoniacal Solutions," General
EQUILIBRIUM AND KINETICS OF COPPER EXTRACTION
Mill's Chemicals, Inc., Mineral Industries, 2030 East 
Broadway, Tucson, Arizona 85719.
3 4. N.M. Rice, M. Nedved and G.M. Ritcey, "The Ex­
t ra c t io n  of Nickel from Ammoniacal Media and its 
Separation from Copper, Cobalt and Zinc Using Hydrox- 
yoxime Extractants, "Hydrometallurgy, 3, No. 1, 35 
(1978).
3 5. J.B. Scuffham and G.A. Rowdon, "Solvent Extrac­
tion of Metals from Ammoniacal Solutions," Mining En­
g ineering , SME/AIMt, 25, No. 12, p. 33, Dec. (1973).
36. C.R. Wilke and P. Chang, "Correlation of Diffu­
sion Coefficients in Dilute Solutions, "AlChe, J., 1, 
No. 2, 264 (1955).
3 7. Y.H. Li and S. Gregory, "Diffusion of Ions in Sea 
Hater and in Deep-Sea Sediments," Geochimica et 
C osm o ch im ica  Acta, 38, 703 (1974).
